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Abstract

Despite the success of combination antiretroviral therapy (cART), approximately 50% of HIV-1 

seropositive individuals develop HIV-1 associated neurocognitive disorders (HAND). 

Unfortunately, point-of-care screening tools for HAND lack sensitivity and specificity, especially 

in low-resource countries. Temporal processing deficits have emerged as a critical underlying 

dimension of neurocognitive impairments observed in HIV-1 and may provide a key target for the 

development of a novel point-of-care screening tool for HAND. Cross-modal prepulse inhibition 

(PPI; i.e., auditory, visual, or tactile prepulse stimuli) and gap-prepulse inhibition (gap-PPI; i.e., 

auditory, visual or tactile prepulse stimuli), two translational experimental paradigms, were used to 

assess the nature of temporal processing deficits in the HIV-1 transgenic (Tg) rat. Cross-modal PPI 

revealed a relative insensitivity to the manipulation of interstimulus interval (ISI) in HIV-1 Tg rats 

in comparison to controls, regardless of prestimulus modality. Gap-PPI revealed an insensitivity to 

the manipulation of ISI, independent of modality, in HIV-1 Tg rats in comparison to control 

animals. Manipulation of context (i.e., concurrent visual or tactile stimulus) in auditory PPI 

revealed a differential sensitivity in HIV-1 Tg animals compared to controls. The potential utility 

of amodal temporal processing deficits as an innovative point-of-care screening tool was explored 

using a discriminant function analysis, which diagnosed the presence of the HIV-1 transgene with 

97.4% accuracy. Thus, the presence of amodal temporal processing deficits in the HIV-1 Tg rat 

supports the hypothesis of a central temporal processing deficit in HIV-1 seropositive individuals, 

heralding an opportunity for the development of a point-of-care screening tool for HAND.
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Introduction

The advent of combination antiretroviral therapy (cART) dramatically decreased the 

prevalence of HIV-1 associated dementia (HAD), however, HIV-1 associated neurocognitive 

disorders (HAND) continue to afflict between 40%-70% of HIV-1 seropositive individuals 
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(Ances and Ellis, 2007; Heaton et al. 2010, 2011; Letendre et al. 2010; McArthur et al. 

2010). Symptoms of milder forms of HAND include deficits in attention, memory, and 

executive functions (Chan and Brew, 2014; Cysique and Brew, 2011; Cysique et al. 2004; 

Heaton et al. 2011; Sacktor and Robertson, 2014). Ideally, a diagnosis of HAND would use 

a complete neurocognitive battery assessing at least five cognitive abilities (i.e., executive 

function, speed of information processing, motor skills, etc.; Elbirt et al. 2015; Woods et al. 

2009), however, complete assessments are rarely accessible in low-resource countries 

(Antinori et al. 2007; Joska et al. 2016). Thus, due to the increased prevalence of milder 

forms of neurocognitive deficits in HIV-1 seropositive individuals, including HAND, the 

development of point-of-care screening tools may be of great clinical significance (Chan and 

Brew, 2014; Zipursky et al. 2013).

Point-of-care screening tools currently lack the sensitivity and specificity needed for an 

accurate diagnosis of HAND (e.g., Overton et al. 2011; Overton et al. 2013; Valcour, 2011a). 

Specifically, the HIV Dementia Scale (HDS; Power et al. 1995) and International HDS 

(IHDS; Sacktor et al. 2005) were developed early in the HIV-1 epidemic to screen for HIV-1 

associated dementia (HAD), however, neither assessment is able to accurately diagnose 

HAND (Haddow et al. 2013; Sakamoto et al. 2013; Smith et al. 2003; Zipursky et al. 2013). 

The Montreal Cognitive Assessment (MoCA; Nasreddine et al. 2005), which is a useful 

screening tool for other neurodegenerative disorders, is inadequate for the assessment of 

HAND in HIV-1 seropositive individuals (Joska et al. 2016; Kim et al. 2016; Overton et al. 

2013). The Wisconsin Card Sorting Test and Grooved Pegboard Test are able to accurately 

diagnose HAND (Ku et al. 2014), however, they require specialized equipment, have a long 

administration time, and there is an absence of normative data, specifically in low-resource 

countries (Clifford and Ances, 2013; Valcour et al. 2011b). Recent studies suggest the 

potential utility of computerized and tablet based screening tools for HAND (e.g., CogState 

(Overton et al., 2011), NeuroScreen (Robbins et al., 2014)), however, they are not without 

significant limitations (Valcour et al., 2011b). Thus, the development of a brief, reliable 

point-of-care screening tool for milder neurocognitive impairments observed in HIV-1, 

including HAND, has the potential for great clinical significance and may have a substantial 

impact on the lives of HIV-1 seropositive individuals (Chan and Brew, 2014; Zipursky et al. 

2013).

Temporal processing deficits, which have been implicated as a fundamental impairment in 

HAND (Chao et al. 2004; Matas et al. 2010; Moran et al. 2013), may provide the basis for a 

point-of-care screening tool for HAND. Cross-modal prepulse inhibition (PPI) and gap-

prepulse inhibition (gap-PPI), translational experimental paradigms employed in the present 

study, have commonly been used to assess temporal processing (Hoffman and Searle, 1965; 

Ison and Hammond, 1971; Ison, 1982). In both PPI and gap-PPI, a salient prestimulus (i.e., 

tone, air puff, gap in background noise) is presented prior to the startling stimulus (Hoffman 

and Ison, 1980). Decreases in the auditory startle response (ASR) are dependent upon the 

interstimulus interval (ISI), or time between the prestimulus and startling stimulus. 

Regardless of sensory modality, previous studies have revealed the most dramatic decreases 

in ASR when a prepulse is presented between 30-500 msec prior to the startling stimulus 

(Campeau and Davis, 1995; Hoffman and Ison 1980; Fitch et al. 2008; Pickney, 1976).
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Cross-modal PPI (i.e., auditory or visual prepulse stimuli) has previously been used to assess 

temporal processing deficits in the HIV-1 transgenic (Tg) rat. Specifically, HIV-1 Tg rats 

were repeatedly assessed from two to six months of age to characterize auditory and visual 

PPI in the HIV-1 Tg rat. HIV-1 Tg animals, in comparison to controls, displayed a relative 

insensitivity to the manipulation of ISI and a lack of perceptual sharpening with age (Moran 

et al. 2013). Sprague-Dawley rats stereotaxically injected with HIV-1 viral proteins, 

including Tat and/or gp120, were assessed in auditory PPI, revealing a relative insensitivity 

to the manipulation of ISI (Fitting et al. 2006a, 2006b, 2008). Temporal processing deficits 

have also been assessed in the HIV-1 Tg rat using auditory gap-PPI. Specifically, HIV-1 Tg 

and control animals were assessed using auditory gap-PPI every thirty days from postnatal 

day (PD) 30 to PD 180 to assess the progression of temporal processing deficits. HIV-1 Tg 

animals, regardless of sex, exhibited prominent alterations in the development of prepulse 

inhibition and a differential sensitivity to the manipulation of ISI, in comparison to control 

animals (McLaurin et al. 2016a). To date, however, the role of sensory modality in temporal 

processing deficits in the HIV-1 Tg rat has not been systematically evaluated.

The role of sensory modality in the ontogeny of temporal processing has previously been 

examined (Moran et al. 2015; Parisi and Ison, 1979). The seminal study conducted by Parisi 

and Ison (1979) reported a linear increase in PPI from PD 12 to PD 18 regardless of 

modality. However, multiple caveats (i.e., use of a nested design, alterations in prepulse 

duration) cautioned wide generalization of the results (Parisi and Ison, 1979). Moran et al. 

(2015) conducted a subsequent study assessing auditory PPI, visual PPI, and tactile PPI 

beginning at PD 15 in male and female Long-Evans rats. A unique ontogenetic profile was 

observed dependent upon sensory modality, likely due to sensory maturation.

Thus, the aims of the present study were two-fold. First, to establish the amodal nature and 

generality of temporal processing deficits in the HIV-1 Tg rat. The HIV-1 Tg rat, which 

expresses 7 of the 9 HIV-1 genes constitutively throughout development, resembles HIV-1 

seropositive individuals on cART. Temporal processing was assessed using cross-modal PPI 

(i.e., auditory, visual, or tactile prepulse stimuli) and gap-PPI (auditory, visual or tactile 

prepulse stimuli) between 8 and 10 months of age, prior to any documented signs of clinical 

wasting (Royal et al. 2012; Peng et al. 2010). Second, to determine the potential utility of 

temporal processing deficits as a point-of-care screening tool for milder forms of 

neurocognitive impairment observed in HIV-1, including HAND. A discriminant function 

analysis was conducted to determine which variables in cross-modal PPI and gap-PPI were 

best able to correctly identify animals in regards to their genotype (HIV-1 Tg vs. Control). 

Understanding the amodal nature of temporal processing deficits in the HIV-1 Tg rat is vital 

to accurately modeling neurocognitive deficits observed in HIV-1 and, most notably, may aid 

in the development of a point-of-care screening tool for HAND.

Methods

Animals

Temporal processing was assessed in ovariectomized female Fischer (F344/N; Harlan 

Laboratories Inc., Indianapolis, IN) rats (HIV-1 Tg, n=19; control, n=20) between 8 and 10 

months of age using a cross-sectional experimental design. All animals were pair- or group-
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housed throughout experimentation. Rodent food (2020X Teklad Global Extruded Rodent 

Diet (Soy Protein-Free)) and water were available ad libitum throughout the experiment.

Animals were kept in AAALAC-accredited facilities according to the guidelines established 

by the National Institutes of Health (NIH). Environmental conditions for the animal facility 

were targeted at: 21° ± 2° C, 50% ± 10% relative humidity and a 12-h light:12-h dark cycle 

with lights on at 0700 h (EST). The project was approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of South Carolina under federal assurance (# 

A3049-01).

Apparatus

A 10 cm-thick double-walled, 81×81×116-cm isolation cabinet (external dimensions) 

(Industrial Acoustic Company, INC., Bronx, NY) enclosed the startle platform (SR-Lab 

Startle Reflex System, San Diego Instruments, Inc., San Diego, CA) instead of the 1.9 cm 

thick ABS plastic or laminate cabinets offered with this system. Relative to the external 

environment, 30 dB(A) of sound attenuation was provided in the isolation chamber. An 

ambient sound level of 22dB(A) was presented in the chamber without any stimuli 

presented. A high-frequency loudspeaker of the SR-Lab system (model #40-1278B, Radio 

Shack, Fort Worth, TX), which was affixed inside the chamber 30 cm above the Plexiglas, 

was used to deliver all auditory prepulse and stimuli (frequency range of 5k-16k Hz). A 

sound level meter (model #2203, Bruël & Kjaer, Norcross, GA) was used to measure and 

calibrate all sound levels, with the microphone placed inside the Plexiglas cylinder. Visual 

prepulse were presented using a white LED light (22 lux; Light meter model #840006, Sper 

Scientific, Ltd, Scottsdale, AZ). The white LED light was affixed inside the chamber on the 

wall in front of the test cylinder. Tactile prestimuli (16 p.s.i. air-puff) were presented on the 

dorsal surface of the rat via a semi-rigid plastic tube (0.64 mm diameter) connected to a 

compressed air tank via an airline regulator (model #16023, Craftsman, Hoffman Estates, 

IL). The animal's response to the auditory startle stimulus produced deflection of the test 

cylinder, which was converted into analog signals by a piezoelectric accelerometer integral 

to the bottom of the cylinder. Response signals were digitized (12 bit A to D) and saved to a 

hard disk. The SR-LAB Startle Calibration System was used to calibrate response 

sensitivities.

Experimental Design

All temporal processing assessments were conducted in a sequential manner as shown in 

Figure 1.

Procedure

Habituation—Auditory stimuli were used in a 36-trial startle test session for habituation. 

Habituation began with a 5-min acclimation period in the dark with 70 dB(A) background 

white noise. A 100 dB(A) white noise stimulus of 20 msec duration was presented for each 

trial. The fixed intertrial interval (ITI) was 10 sec.

Cross-Modal Prepulse Inhibition—Prepulse inhibition assessments were conducted 

using auditory, visual or tactile prepulse stimuli; because of hardware limitations two 
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assessments had to be conducted. First, concurrent visual and auditory prepulse stimuli, 

arranged using an ABBA counterbalanced order of presentation, were used to test animals 

for PPI of the ASR. Second, concurrent auditory and tactile prepulse stimuli, also arranged 

using an ABBA counterbalanced order of presentation, were used to test animals for PPI of 

the ASR. In both assessments (i.e., concurrent auditory and visual stimulus and concurrent 

auditory or tactile stimulus) the test session was approximately 30-min. Assessments began 

with a 5-min acclimation period in the dark with 70 dB (A) background white noise, 

followed by 6 pulse-only ASR trials with a fixed 10 sec ITI. A total of 72 trials were 

presented, including an equal number of trials for each modality. A counterbalanced ABBA 

order of presentation was used to control for the order of sensory modality presentation. 

Trials had ISIs of 0, 30, 50, 100, 200, and 4000 msec; the 0 and 4000 msec ISI trials served 

as control trials to provide a reference ASR within cross-modal PPI. Trials were presented in 

6-trial blocks interdigitated using a Latin-square experimental design. The ITI was variable 

from 15 sec to 25 sec. Regardless of modality, prepulse stimuli had a 20 msec duration. 

Inside the test cylinder, the startle stimulus intensity, which had a 20 msec duration, was 100 

dB(A). Mean peak ASR amplitude values were collected for analysis.

Gap-Prepulse Inhibition Test—Multiple sensory modalities (i.e., auditory, visual, 

tactile) were used to assess gap-prepulse inhibition. Regardless of modality, the test session 

was approximately 20-min. A 5-min acclimation period in the dark occurred at the 

beginning of all test sessions. The acclimation period had 70 dB(A) background white noise 

and was followed by six pulse-only ASR trials with a fixed 10 sec ITI. Thirty-six trials were 

presented using 6-trial blocks interdigitated using a Latin-square experimental design. A 20-

msec gap in background noise/light/air puff was presented dependent upon modality being 

tested. The 20-msec gap preceded an auditory startle stimulus, which was presented at ISIs 

of 0, 30, 50, 100, 200, and 4000 msec. Control trials, which included the 0 and 4000 msec 

ISI trials, provided a reference ASR within gap-PPI. Inside the test cylinder, the auditory 

startle stimulus had a duration of 20 msec and an intensity of 100dB(A). Mean peak ASR 

amplitude values were collected for analysis.

Statistical Analyses

Analysis of variance (ANOVA) statistical techniques were used to analyze all data (SPSS 

Statistics 23, IBM Corp., Somers, NY). For the repeated-measures factors, violations of the 

compound symmetry assumptions (e.g., trials) were corrected using either orthogonal 

decompositions or the post-hoc Greenhouse–Geisser df correction factor (Greenhouse and 

Geisser,1959). The trial-dependent effects of the HIV-1 transgene were assessed using tests 

of simple main effects and specific linear contrasts (Winer, 1971). Partial eta squared, which 

indicates the variance accounted for, was used as a measure of effect size, with a maximum 

of 1. GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA) was used for all regression 

analyses and graphs. An alpha level of p≤0.05 was considered significant for all statistical 

tests.

More specifically, a mixed-factor ANOVA was conducted using the mean peak ASR 

amplitude values. PPI and gap-PPI were analyzed for each prepulse modality (i.e., auditory, 

visual, tactile). The effect of context (i.e., concurrent visual or tactile stimulus) on auditory 
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PPI was also analyzed using a mixed-factor ANOVA using the mean peak ASR amplitude 

values. Genotype (HIV-1 Tg vs. control) served as the between-subjects factor. Within 

subject's factors included context (i.e., concurrent visual or tactile stimulus), ISI and trial, as 

appropriate.

The diagnostic utility of amodal temporal processing deficits was assessed using a 

discriminant function analysis to determine which variables in cross-modal PPI and gap-PPI 

were best able to correctly identify animals in regards to their genotype (HIV-1 Tg vs. 

Control).

Results

HIV-1 Tg and control animals exhibited significant intrasession habituation

Intrasession habituation, assessed using the mean peak ASR amplitude, for HIV-1 Tg and 

control animals is illustrated in Figure 2. A linear decrease in mean peak ASR amplitude 

was observed throughout the habituation session in both control and HIV-1 Tg animals. 

There was no significant difference between groups in the rate at which mean peak ASR 

amplitudes decreased [F(1,1400)≤1.0; HIV-1 Tg animals: β=-5.41±5.41 (95% CI), Control 

animals: β=-5.03±5.03 (95% CI)), indicating no alterations in intrasession habituation 

between groups.

HIV-1 Tg animals displayed alterations in prepulse inhibition regardless of modality

In cross-modal PPI, regardless of modality (i.e., auditory, visual, or tactile), HIV-1 Tg 

animals exhibited a relative insensitivity to the manipulation of ISI in comparison to control 

animals, illustrated in Figure 3. Both HIV-1 Tg animals and control animals displayed 

maximal inhibition at the same ISI (i.e., Auditory: 30 msec; Visual: 50 msec; Tactile: 200 

msec). However, HIV-1 Tg animals exhibited a relatively flatter ISI function for each 

modality.

Auditory PPI (Figure 3A) revealed a relative insensitivity to the manipulation of ISI in 

HIV-1 Tg animals in comparison to control animals. Both HIV-1 Tg and control animals 

exhibited maximal inhibition at 30 msec, however, HIV-1 Tg animals displayed a relatively 

flatter ISI function. The overall ANOVA conducted on mean peak ASR amplitude during 

auditory PPI confirmed these observations, revealing a significant ISI × genotype interaction 

[F(5,185)=19.8, pGG≤0.001, ηp
2=0.348] with a prominent quadratic component 

[F(1,37)=31.3, p≤0.001, ηp
2=0.458]. Main effects of ISI [F(5,185)=134.9, pGG≤0.001, 

ηp
2=0.785] and genotype [F(1,37)=32.0, p≤0.001, ηp

2=0.464] were also observed.

In visual PPI, illustrated in Figure 3B, HIV-1 Tg animals exhibited a relative insensitivity to 

the manipulation of ISI in comparison to control animals. Maximal peak inhibition was 

observed at 50 msec for both HIV-1 Tg and control animals. HIV-1 Tg animals, however, 

displayed a relatively flatter ISI function. Observations were confirmed with the overall 

ANOVA conducted on mean peak ASR amplitude during visual PPI, which revealed a 

significant ISI × genotype interaction [F(5,185)=21.9, pGG≤0.001, ηp
2=0.372] with a 

prominent quadratic component [F(1,37)=39.1, p≤0.001, ηp
2=0.514]. A main effect of ISI 
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[F(5,185)=66.4, pGG≤0.001, ηp
2=0.642] and genotype [F(1,37)=29.2, p≤0.001, ηp

2=0.441] 

were also observed.

Tactile PPI revealed a relative insensitivity to the manipulation of ISI in HIV-1 Tg animals 

(Figure 3C). HIV-1 Tg and control animals exhibited maximal peak inhibition at 200 msec; 

however, HIV-1 Tg animals exhibited a relatively flatter ISI function. The strong inhibition 

observed in HIV-1 Tg animals, in comparison to control animals, at 4000 msec provides 

additional evidence for significant alterations in temporal processing. The overall ANOVA 

confirmed observations, revealing a significant ISI × genotype interaction [F(5,185)=12.3, 

pGG≤0.001, ηp
2=0.250] with a prominent quadratic component [F(1,37)=18.3, p≤0.001 

ηp
2=0.332]. Main effects of ISI [F(5,185)=123.1, pGG≤0.001, ηp

2=0.769] and genotype 

[F(1,37)=51.9, p≤0.001, ηp
2=0.584] were also observed. Thus, regardless of modality, 

HIV-1 Tg animals exhibited a relative insensitivity to the manipulation of ISI, supporting the 

hypothesis of a central temporal processing deficit.

HIV-1 Tg animals exhibited alterations in gap-PPI regardless of modality

Regardless of modality (i.e., auditory, visual, or tactile), HIV-1 Tg animals exhibited 

alterations in temporal processing in comparison to control animals, assessed using gap-PPI 

(Figure 4). In auditory and visual gap-PPI, HIV-1 Tg animals exhibited a relative 

insensitivity to the manipulation of ISI, evidenced by a relatively flatter ISI function. In 

tactile gap-PPI, HIV-1 Tg animals, in comparison to control animals, exhibited a differential 

sensitivity to the manipulation of ISI, evidenced by a shift in the point of maximal inhibition.

Auditory gap-PPI, illustrated in Figure 4A, revealed a relative insensitivity to the 

manipulation of ISI in HIV-1 Tg animals, in comparison to control animals. Both HIV-1 Tg 

and control animals exhibited maximal peak inhibition at 50 msec, however, a relatively 

flatter ISI function was observed in HIV-1 Tg animals. These observations were confirmed 

by an overall ANOVA, which revealed a significant ISI × genotype interaction 

[F(5,185)=11.0, pGG≤0.001, ηp
2=0.229] with a prominent quadratic component 

[F(1,37)=14.4, p≤0.001, ηp
2=0.280]. Main effects of ISI [F(5,185)=53.3, pGG≤0.001, 

ηp
2=0.590] and genotype [F(1,37)=49.5, p≤0.001, ηp

2=0.572] were also found.

In visual gap-PPI (Figure 4B), HIV-1 Tg animals exhibited a relative insensitivity to the 

manipulation of ISI in comparison to control animals. Maximal inhibition was observed at 

the 50 msec ISI for both HIV-1 Tg and control animals. HIV-1 Tg animals, however, 

displayed a relatively flatter ISI function. The overall ANOVA conducted on mean peak 

ASR amplitude confirmed these observations, revealing a significant ISI × genotype 

interaction [F(5,185)=11.8, pGG≤0.001, ηp
2=0.242] with a prominent quadratic component 

[F(1,37)=25.8, p≤0.001, ηp
2=0.622]. A main effect of ISI [F(5,185)=56.1, pGG≤0.001, 

ηp
2=0.603] and a main effect of genotype [F(1,37)=82.8, p≤0.001, ηp

2=0.691] were also 

observed.

Tactile gap-PPI revealed a differential sensitivity to the manipulation of ISI in HIV-1 Tg 

animals, illustrated in Figure 4C. Control animals exhibited maximal inhibition at the 30 

msec ISI. HIV-1 Tg animals, in comparison, failed to display any significant inhibition. 

These observations were confirmed using an ANOVA, which revealed a significant ISI × 
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genotype interaction [F(5,185)=2.7, pGG≤0.035, ηp
2=0.067] with a prominent linear 

component [F(1,37)=4.1, p≤0.05, ηp
2=0.100]. Main effects of ISI [F(5,185)=2.8, 

pGG≤0.029, ηp
2=0.070] and genotype [F(1,37)=26.3, p≤0.001, ηp

2=0.415] were also 

observed. Thus, regardless of modality, HIV-1 Tg animals exhibited significant alterations in 

temporal processing, providing additional evidence for a central temporal processing deficit 

in HIV-1.

HIV-1 Tg animals exhibited a differential sensitivity to the manipulation of context (i.e., 
concurrent visual or tactile stimulus)

A differential effect of context (i.e., concurrent visual or tactile stimuli) on auditory PPI was 

observed in the HIV-1 Tg rat in comparison to control animals, illustrated in Figure 5. 

Regardless of context, control animals exhibited maximal inhibition at the 30 msec ISI 

(Figure 5A). HIV-1 Tg animals, in comparison, displayed maximal inhibition at 30 msec in 

the visual context, but displayed a significant rightward shift to maximal inhibition at 200 

msec in the tactile context (Figure 5B), indicative of a differential sensitivity to the 

manipulation of context. The overall ANOVA confirmed these observations, indicating an 

ISI × genotype interaction [F(5,185)=42.7, pGG≤0.001, ηp
2=0.536] with a prominent 

quadratic component [F(1,37)=61.7, p≤0.001, ηp
2=0.625]. In addition, main effects of 

modality [F(1,37)=7.1, pGG≤0.012, ηp
2=0.160], ISI [F(5,185)=208.4, pGG≤0.001, 

ηp
2=0.849] and genotype [F(1,37)=58.9, p≤0.001, ηp

2=0.614] were observed.

Amodal temporal processing deficits may accurately predict the presence of the HIV-1 
transgene

The potential utility of amodal temporal processing deficits as a point-of-care screening tool 

for HAND was assessed using a discriminant function analysis to determine which 

assessments, modalities, and ISI values were best able to identify the presence of the HIV-1 

transgene. The use of temporal processing assessments from all three modalities best 

predicted group membership, as illustrated in Figure 6. A discriminant function analysis 

based on four variables (Mean Peak ASR Amplitude Values at: Auditory Gap-PPI (30 

msec), Auditory PPI (Airpuff context, 200 msec), Tactile PPI (30 msec), and Visual Gap-PPI 

(30 msec)) maximally separated the HIV-1 Tg and control animals (canonical correlation of 

0.90). Each of the predictor variables in the discriminant function analysis contributed to 

differentiating the treatment groups [Auditory Gap-PPI (30 msec; F(1,37)=55.6, p≤0.001), 

Auditory PPI (Airpuff context, 200 msec; F(1,37)=22.9, p≤0.001), Tactile PPI (30 msec; 

F(1,37)=12.8 p≤0.001), and Visual gap-PPI (30 msec; F(1,37)=85.1, p≤0.001)]. Animals 

were correctly diagnosed for the presence of the HIV-1 transgene (jack-knifed classification) 

with 97.4% accuracy (Approximation of Wilks' λ of 0.183, χ2(4)=59.5, p≤0.001).

Discussion

Amodal temporal processing deficits were detected in the HIV-1 Tg rat using two 

translational experimental paradigms, including cross-modal PPI and gap-PPI. Cross-modal 

PPI (i.e., auditory, visual, or tactile prepulse stimuli) revealed a relative insensitivity to the 

manipulation of ISI, regardless of modality, in HIV-1 Tg rats relative to control animals. 

Auditory and visual gap-PPI revealed a relative insensitivity to the manipulation of ISI in 

McLaurin et al. Page 8

Int J Dev Neurosci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HIV-1 Tg rats in comparison to control animals. Tactile gap-PPI revealed a differential 

sensitivity to the manipulation of ISI in HIV-1 Tg animals, relative to controls. A differential 

sensitivity to the effect of context (i.e., concurrent visual or tactile stimulus) in auditory PPI 

was also noted in the HIV-1 Tg animals. A discriminant function analysis diagnosed the 

presence of the HIV-1 transgene with 97.4% accuracy, indicating the potential utility of 

amodal temporal processing deficits as a point-of-care screening tool for HAND. Evidence 

for amodal temporal processing deficits in the HIV-1 Tg rat supports the hypothesis of a 

central temporal processing deficit and heralds an opportunity to develop a point-of-care 

screening tool for HAND, which has the potential for considerable clinical interest, 

especially in low-resource countries (Chan and Brew, 2014; Zipursky et al. 2013).

Cross-modal PPI revealed a relative insensitivity to the manipulation of ISI in HIV-1 Tg rats 

in comparison to control animals, independent of modality. In all sensory modalities, HIV-1 

Tg and control animals exhibited maximal inhibition at the same ISI (i.e., 30 msec in 

auditory PPI; 50 msec in visual PPI; 200 msec in tactile PPI). However, HIV-1 Tg animals 

exhibited a significantly flatter ISI function relative to controls. Alterations in cross-modal 

PPI extend previously reported temporal processing deficits observed in adolescent and adult 

HIV-1 Tg rats (Moran et al. 2013; McLaurin et al. 2016b) to additional sensory modalities, 

providing additional evidence for the generality of temporal processing deficits.

Auditory and visual gap-PPI revealed a relative insensitivity to the manipulation of ISI in 

HIV-1 Tg animals in comparison to controls. In both auditory and visual gap-PPI, HIV-1 Tg 

and control animals exhibited maximal peak inhibition at the same ISI (i.e., 50 msec). 

However, a significantly flatter ISI function was observed in HIV-1 Tg animals in 

comparison to controls. Tactile gap-PPI revealed a differential sensitivity to the manipulation 

of ISI in HIV-1 Tg animals, evidenced by a rightward shift in maximal peak inhibition, 

relative to controls. Specifically, maximal peak inhibition was observed at the 30 msec ISI in 

control animals, but a rightward shift to the 50 msec ISI was observed in HIV-1 Tg animals. 

The present results are an extension of a longitudinal analysis of auditory gap-PPI from PD 

30 to PD 180 (McLaurin et al. 2016a) to additional sensory modalities and a more advanced 

age.

The manipulation of testing context (i.e., concurrent visual or tactile stimulus) in auditory 

PPI had a differential effect on HIV-1 Tg animals in comparison to control animals. 

Regardless of context, control animals exhibited maximal inhibition at the 30 msec ISI in 

auditory PPI. HIV-1 Tg animals displayed a differential sensitivity to context in auditory 

PPI, evidenced by a rightward shift in maximal inhibition (e.g., 30 msec in the concurrent 

visual context, 200 msec in the concurrent tactile context). Both HIV-1 Tg and control 

animals displayed a slight downward shift in the mean peak ASR amplitude curve in the 

concurrent tactile context in comparison to the concurrent visual context, extending the 

effect of context, previously reported in adult Long-Evans rats at PD 90 (Moran et al. 2015) 

to Fischer HIV-1 Tg and control animals.

Translational assessments of temporal processing deficits, including cross-modal PPI and 

gap-PPI, provide an opportunity for the development of a clinical diagnostic screening tool 

for HAND. In the present study, a discriminant function analysis was conducted to assess the 
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potential utility of amodal temporal processing deficits as a point-of-care screening tool for 

the diagnosis of HAND. Presence of the HIV-1 transgene was diagnosed with 97.4% 

accuracy using assessments from all three modalities (i.e., auditory, visual, or tactile 

prepulse stimuli).

The eyeblink startle experimental paradigm, which uses electromyography (EMG) to 

measure the eyeblink component of the ASR, provides a clinically relevant method for the 

assessment of prepulse inhibition in humans. Previous research reports the use of the 

eyeblink startle experimental paradigm to assess both PPI (e.g., Minassian et al., 2013) and 

gap-PPI (e.g., Fournier and Hébert, 2013). Specifically, the eyeblink startle paradigm has 

been used to assess sensorimotor gating deficits in HIV-1 seropositive individuals. HIV-1 

seropositive individuals with HAND displayed significant deficits in sensorimotor gating, 

which were correlated with deficits in working memory (Minassian et al., 2013). 

Assessments of prepulse inhibition (i.e., the eyeblink startle experimental paradigm) exhibit 

characteristics, including brevity (i.e., approximately 15-25 minutes; Fournier and Hébert, 

2013; Minassian et al., 2013), repeatability (Braff et al. 1978; Schwarzkopf et al. 1993), and 

ease of administration, which are critical for the development of a clinically relevant 

diagnostic screening tool (Myers and Brown, 2006).

Both cross-modal PPI and gap-PPI, implicated as an innovative point-of-care screening tool 

in the present study, display prominent non-monotonic relationships (i.e., Figures 3, 4). In 

contrast, gap threshold detection, which relies on the manipulation of gap duration, is 

another translational assessment of temporal processing that displays a prominent monotonic 

relationship; as gap duration increases, significant decreases in ASR are observed (Ison et al. 

2005; Ison & Bowen, 2000). In a comparable group of HIV-1 Tg and control animals (i.e., 

similar ages, ovariectomized female animals), auditory gap threshold detection measures 

diagnosed the presence of the HIV-1 transgene with 91.1% (McLaurin et al. 2016b). The 

monotonic relationship present in gap threshold detection provides a distinct advantage for 

the development of a clinical diagnostic screening tool. However, it must be noted that the 

presence of the HIV-1 transgene can be diagnosed with high accuracy (i.e., ≥ 90%) using 

assessments of temporal processing (i.e., cross-modal PPI, gap-PPI, and gap threshold 

detection) regardless of the monotonicity of the function (McLaurin et al. 2016a, 2016b, 

2016c). Thus, the present study continues to provide strong evidence for the utility of 

temporal processing deficits as a clinically relevant diagnostic screening tool for HAND.

The underlying neural mechanisms involved in HAND may be elucidated through the use of 

translational behavioral assessments, including cross-modal PPI and gap-PPI (Hoffman and 

Ison, 1980). The neural circuitry involved in the mediation of PPI of the ASR has been 

established using lesioning (Leitner and Cohen, 1985) and electrical stimulation studies (Li 

et al. 1998; Li and Yeomans, 2000). Specifically, lesions of the inferior (Leitner and Cohen, 

1985; Li et al., 1998) or superior colliculus (Fendt et al., 1994) have been critical in defining 

the serial circuit involved in PPI. The serial circuitry begins with sensory system input, 

including auditory prepulses, which are relayed to the inferior colliculus, and visual or 

tactile prepulses, which are relayed to the superior colliculus. Information is subsequently 

transmitted from the superior colliculus to the pedunculopine tegmental nucleus, which 
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triggers a cholinergic projection to the caudal pontine reticular nucleus mediating PPI of the 

ASR (Fendt et al. 1994; Fendt et al. 2001; Koch et al. 1993; Koch and Schnitzler 1997).

Understanding the amodal nature of temporal processing deficits is vital for accurately 

modeling neurocognitive deficits observed in HIV-1 seropositive individuals and the 

development of a point-of-care screening tool for HAND. The HIV-1 Tg rat is non-

infectious, expresses 7 of the 9 HIV-1 genes constitutively throughout development, and has 

been promoted as a model for investigating aspects of HAND (Vigorito et al. 2015). The 

contemporary phenotype of the HIV-1 Tg rat, used in the present study, is a healthier 

derivation of those originally described (Reid et al. 2001). In the present study, HIV-1 Tg 

animals, in comparison to F344/N controls, displayed no significant health disparities (i.e., 

similar growth rates, similar inhibition in visual PPI; Roscoe et al. 2014, Moran et al. 2012, 

2013). Despite the differences in temporal processing, HIV-1 Tg rats appear to have intact 

visual, auditory, and tactile sensory systems, evidenced by the robust inhibition of the ASR 

to all sensory modalities. Thus, the HIV-1 Tg rat used in the present study in some respects 

resembles HIV-1 seropositive individuals on cART, making it useful for establishing the 

nature of neurocognitive impairment in HAND.

Observations of amodal temporal processing deficits in the HIV-1 Tg rat supports the 

hypothesis of a central temporal processing deficit in HIV-1 seropositive individuals. Cross-

modal PPI and gap-PPI were conducted in multiple sensory modalities, including auditory, 

visual, and tactile, sensory systems which permit punctate prestimuli, enhancing our 

understanding of the nature of temporal processing deficits in HAND. Temporal processing 

deficits provide an innovative opportunity for the development of a brief and accurate 

diagnostic screening tool for HAND, which may be of great clinical significance in the post-

cART era (Chan and Brew, 2014; Zipursky et al. 2013).
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Figure 1. Sequential experimental design
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Figure 2. 
Mean peak ASR amplitude data from the habituation session is presented as a function of 

genotype (HIV-1 Tg or Control; ± 95% CI). A linear decrease in mean peak ASR amplitude 

was observed during the habituation session regardless of genotype. The rate of habituation 

between groups was not significantly different.

McLaurin et al. Page 17

Int J Dev Neurosci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Mean peak ASR startle response for cross-modal prepulse inhibition (PPI; auditory PPI (a), 

visual PPI (b) and tactile PPI (c)) is illustrated as a function of genotype (HIV-1 Tg or 

Control; ± SEM). Regardless of sensory modality, HIV-1 Tg animals exhibited a relatively 

flatter interstimulus interval (ISI) function in comparison to control animals, indicating a 

relative insensitivity to the manipulation of ISI.

McLaurin et al. Page 18

Int J Dev Neurosci. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Mean peak ASR startle response for gap-prepulse inhibition (gap-PPI) is presented as a 

function of genotype (HIV-1 Tg or Control; ± SEM). In auditory gap-PPI (a) and visual gap-

PPI (b), HIV-1 Tg animals, in comparison to control animals, exhibited a relative 

insensitivity to the manipulation of interstimulus interval (ISI), evidenced by a flatter ISI 

function. In tactile gap-PPI (c), a differential sensitivity to the manipulation of ISI was 

observed. Control animals exhibited peak inhibition at the 30 msec ISI, while HIV-1 Tg 

animals exhibited peak inhibition at the 50 msec ISI.
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Figure 5. 
Mean peak ASR startle response for auditory prepulse inhibition (PPI) is presented as a 

function of context (i.e., concurrent visual or tactile stimulus). HIV-1 Tg animals exhibited a 

differential sensitivity to the manipulation of context, evidenced by a rightward shift in peak 

inhibition in the tactile context relative to the visual context. Control animals exhibited peak 

inhibition at the 30 msec ISI regardless of context.
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Figure 6. 
Animal classification is illustrated as a function of the canonical variable representing the 

simplest linear function that best separated the HIV-1 Tg and control groups (canonical 

correlation 0.90) and correctly identified (jackknife classification) group membership with 

97.4% accuracy (100% of controls, and 94.7% of HIV-1 Tg animals).
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